Male broilers (n = 416) were used to compare the efficacy of providing dietary phytase either as a commercial supplement or as a recombinant protein in transformed soybean. From 7 to 21 d of age, broilers were fed a basal diet containing 0.20% nonphytate P (nP) with additional supplementation by fungal phytase as Natuphos ® or as raw transformed soybeans expressing recombinant phytase at 400, 800, or 1,200 U/kg. For comparison, broilers were also fed the basal diet containing 0.08, 0.16, or 0.24 added nP. The basal diet was fed as the negative control. Diets were consumed ad libitum as a mash. All excreta were collected from each pen from 18 through 20 d of age, and the birds were killed at 21 d of age. Supplementing the basal diet with nP linearly increased body weight gain, feed efficiency, feed intake, toe ash weight and percentage, and tibia shear force and energy. Phosphorus digestibility decreased linearly as nP level increased, but P excretion increased. Dietary phytase linearly increased growth rate, feed intake, toe ash weight and percentage, tibia shear force and energy, and P digestibility, whereas excretion was decreased. Except for P digestibility, there was no difference in efficacy of responses for performance, bone mineralization, and P excretion between the two sources of phytase. It appears from this study that phytase can improve growth performance of broilers fed low nP diets when provided either as a commercial supplement or in the form of transformed seeds.
INTRODUCTION
Although P is plentiful in meal prepared from plant seeds, the majority of this P is in the form of phytic acid (myo-inositol 1,2,3,4,5,6 hexakis dihydrogen phosphate; IUPAC-IUB, 1977) and largely unavailable to the bird (Ravindran et al., 1994 . The addition of phytase prepared from Aspergillus ficuum (now classified as Aspergillis niger) to a corn-soybean meal diet was shown to make P more available to birds (Nelson et al., 1971) . This result has been recently confirmed in poultry and swine diets (Jongbloed et al., 1992; Cromwell et al., 1993; Denbow et al., 1995; Yi et al, 1996) .
Transgenic tobacco seeds expressing the A. niger phytase have been shown to enhance P availability when included in poultry diets (Pen et al., 1993) ; however, unlike soybeans or corn, tobacco is not a normal constituent of poultry diets. The purpose of the present study was to determine whether soybeans, a common feed component, engineered to express fungal phytase can serve as an effective supplement to broiler diets to enhance P availability.
MATERIALS AND METHODS
On the day of hatch, 416 male broiler chicks (Ross × Arbor Acres), vaccinated for Marek's disease only, were equally divided among 52 electrically heated pens with raised wire floors. Chicks were exposed to continuous fluorescent light. All birds were fed a standard cornsoybean meal starter diet (3,146 mcal ME/kg, 24% CP, 0.45% available P, and 1.0% Ca) for the 1st wk.
Beginning at 1 wk of age, each of 12 dietary treatments were randomly assigned to four pens except for the basal diet (Table 1) , which was fed to eight pens. All diets, except Diets 11 and 12, contained 21.44% of a 1:1 mixture of corn and ground raw soybeans from either transformed or nontransformed soybeans. Diet 1, were similar to Diets 5 to 7 except that the supplemental phytase was supplied as Natuphos ®2 . Diets 11 and 12 contained processed soybeans in place of raw soybeans, and contained nP levels of 0.20 and 0.44%, respectively. A 2:1 calcium:total P ratio was maintained in all diets, and diets were fed as a mash. The care and treatment of birds followed published guidelines (Consortium, 1988) . The soybean expression plasmid pWRG2787, containing A. niger phytase sequence amplified by PCR, was stably introduced into soybean (Asgrow A5403) by the method of McCabe et al. (1988) . Amplification resulted in two changes in the phytase sequence, the substitution of a methionine for leucine as the first amino acid of the mature phytase sequence, and an amino acid change from asparagine to glycine due to a single nucleotide substitution at position 1374 (GenBank Accession number M94550). These changes did not significantly interfere with enzyme activity. The mature phytase coding sequence was inserted downstream of the cauliflower mosaic virus 35S promoter (Gardner et al., 1981) and tobacco (Nicotiana plumbaginifolia) extension leader and signal peptide (De Loose et al., 1991) . The termination signal was provided as the Agrobacterium tumefaciens nopaline synthase polyadenylation sequence (Depicker et al., 1982) .
From Day 18 through 20, all the excreta from each pen were quantitatively collected and stored at -20 C, and feed intake measured. The samples were dried at 55 to 60 C, then ground to pass through a 1-mm sieve. Dry matter was determined according to AOAC (1990) procedures. Following a nitric-perchloric acid wet digestion, P concentrations were determined colorimetrically (AOAC, 1990) .
At 3 wk of age, all surviving birds were killed by cervical dislocation. Toe samples were obtained and ashed as described by Potter (1988) . The left tibia was removed from each bird, stripped of all soft tissues, and frozen. Shear force and shear energy of the tibias were determined using an Instron Universal Testing Machine 3 at a loading rate of 2 mm/min.
Linear and quadratic contrasts were used to evaluate statistical differences between dietary combinations. Also, phytase sources, transformed soybeans and Natuphos ® , were compared using linear contrasts and their interactions. The effect of raw soybeans was compared to soybean meal diets (Diets 1 and 4 vs 11 and 12). Nonlinear and linear functions were derived for P levels (Diets 1 to 4) and phytase addition from transformed soybeans (Diets 1 and 5 to 7) and from Natuphos ® (Diets 1 and 8 to 10) with the nonlinear model: Y = a(1 -b e -kX ) and linear model: Y = a + bX; where Y = the response measurements; X = nP (percentage) or phytase added (units per kilogram of diet). The calculation of equivalency values of phytase for nP was described in detail by Denbow et al. (1995) . Statistical significance implies P ≤ 0.05 unless otherwise noted.
RESULTS AND DISCUSSION
Supplementing the low P basal diet with 0.08, 0.16, and 0.24% nP linearly increased feed intake and BW gain during Weeks 2 and 3 (Table 2) . Phosphorus digestion coefficients were linearly decreased as the dietary nP level increased, but P excretion was linearly increased with dietary additions of nP. Increasing nP also linearly increased toe ash weight and percentage, and tibia shear force and energy (Table 2) . Similar results have previously been reported (Potter et al., 1995; Yi et al., 1996) . Previous reports have shown that 0.20% nP (0.13% nP from plant ingredients + 0.07% P from defluorinated phosphate) would reduce growth and bone development without causing high mortality (Denbow et al., 1995; Potter et al., 1995) .
Across sources of phytase, supplementing the low P basal diet with 400, 800, or 1,200 U/kg of phytase linearly increased BW gain (Table 2 ) while having no effect on feed efficiency and feed intake during Weeks 2 and 3. Dietary phytase linearly increased P digestibility and decreased P excretion. Phytase also significantly improved the toe ash weight and percentage, and tibia shear force and energy (Table 2) . These results support numerous reports showing that supplementing low nP broiler diets with phytase improves P availability resulting in enhanced growth and toe ash percentage, and improves bone parameters (Nelson et al., 1971; Denbow et al., 1995; Kornegay et al., 1996; Yi et al., 1996) . The enhanced growth appeared to be mediated primarily by increased feed intake because phytase addition had little effect on feed efficiency. With the exception of P digestibility, which was less for Natuphos ® than for transformed soybeans, and a phytase source by quadratic effect for tibia force in which the response was linear for Natuphos ® and quadratic for transformed soybeans, there were no differences in the responses to phytase sources for several measurements. When added on an equal activity basis, phytase was equally effective in enhancing BW gain, feed intake, feed efficiency, toe ash, tibia shear force, and energy when transformed soybeans containing a fungal phytase gene or a commercial microbial phytase (Natuphos ® ) were fed. Eeckout and DePaepe (1996) reported that phytase activity of wheat middlings was only 74% as efficient as microbial phytase (Natuphos ® ) when fed to pigs at equal in vitro activities (500 U/kg). However, one previous report in which tobacco seeds transformed with the phytase gene were fed to broilers showed equivalent activity (Pen et al., 1993) .
In order to determine whether the raw soybeans affected any of the measurements, the responses to Diets 1 and 4 were compared to those of Diets 11 and 12. Both sets of diets contained 0.20 and 0.44% nP, respectively, but Diets 11 and 12 contained only processed soybeans (soybean meal). As shown in Table 2 , including raw soybeans in the diet resulted in a 3.9% decrease in BW gain (448 vs 459 g) and a 7% loss in feed efficiency (654 vs 700 g/kg); however, including raw soybeans had no effect on the other measurements. The response to added nP was similar for diets with raw soybeans or soybean meal.
The present results confirm that supplementing low nP broiler diets with phytase can improve P availability and thus increase growth and improve bone strength. Adding 1,200 U/kg phytase as transformed seeds to the basal diet provided BW gain similar to that of the basal diet supplemented with 0.24% nP (474 vs 488 g). However, the basal diet supplemented with phytase also resulted in a 50% reduction in P excretion. Poultry waste is typically applied to the ground. Agriculturally produced P waste is a major environmental concern because this P can leave the site of application and cause contamination of water supplies (Sharpley et al., 1993 (Sharpley et al., , 1994 . Therefore, reducing excretion of P in poultry production has obvious environmental implications.
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